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This study assessed the effect of pressure load, volume
load and surgery on left ventricular chamber stiffness
(b) and myocardial stiffness (k), A normal range for
chamber stiffness and myocardial stiffness was also es-
tablished. A total of 44 patients were studied: 8 were
control subjects, 12had volumeload and 24 had pressure
load. At cardiac catheterization simultaneous high fi-
delity pressures (P) and left ventricular volumes(V)were
obtained in one diastolic cycle. From the relation P =
av-, operant chamber stiffness (b) was estimated for
each patient. Similarly, the relation between stress (u)
and radius (D) was approximated by o = cD' and the
myocardial stiffness (k) derived for each patient. Mean
values for chamber or myocardial stiffness for the di-
Methods of assessing systolic function at cardiac catheter-
ization have been available for some years for both adult
and pediatric patients. There are numerous studies of dia-
stolic function in adults (1-7), but pediatric studies describ-
ing the derivation of both left ventricular operant chamber
and myocardial stiffness are limited (8).
Ventricular compliance (1IV)(dP/dV) has been defined
as the distensibility of the relaxed ventricle defined in terms
of the diastolic pressure-volume relation and the reciprocal
is termed the operant chamber stiffness. A number of factors
acutely alter chamber stiffness and therefore the use of this
index has limitations (9-12). Myocardial stiffness has been
determined in terms of the stress-strain relation of the ven-
tricle based on the laws of elasticity (5-7,13-16). By stress
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agnostic groups were not significantly different but dif-
fered within the operative groups. Mean values for b
and k were greater in the post-open heart surgery group
than in the post-closed heart surgery or nonsurgicalgroup.
Although the mean values for chamber stiffness and
myocardial stiffness for the diagnostic groups Were not
different, there were more abnormal patients in the pres-
sure load group (9 of 24) than in the volume load group
(2 of 8) when the normal range was obtained from the
control group. Thus, left ventricular operant chamber
and myocardial stiffnessare often preserved with volume
loading, less frequently with pressure loading and rarely
after open heart surgery.
(J Am Coil CardioI1986;8:371-8)
(0") is meant the force per unit of cross-sectional area of
muscle, and strain (e) is a dimensionless quantity produced
by the application of a stress. Using derived stress and left
ventricular radius, the instantaneous incremental elastic
modulus may be obtained from which myocardial stiffness
(k) may be calculated (17). This constant k has been con-
sidered independent of acute hemodynamic intervention and
applies to the myocardium itself. This report establishes a
normal pediatric range for these indexes, and describes fur-
ther results in patients with abnormal hemodynamic loading
and after cardiac surgery.
Methods
Study patients. A total of 44 patients were studied.
There were 8 control subjects, 12 patients with volume load
and 24 with pressure load. The 13 patients described in a
previous report (8) are included. Their clinical diagnosis
and other details are listed in Table 1. Postoperative patients
in the pressure or volume load group are indicated. There
were a total of five patients with closed and five with open
heart surgery in the three groups.
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Table 1. Clinical Details of Patients, Angiographic Data and Derived Indexes for the Three Hemodynamic Groups
Cardiac
Angiographic Data
Diastolic Indexes
Age Clinical Grad. Index LV Vol!
Case (Yr) Diagnosis (mmHg) Fick/Dye/TD CI EDVI SVI Mass EDP EF Mass b k
I 12 Arrhythmia 4.2 5.4 74.3 59.1 56.1 8.0 0.80 1.32 1.84 5.40
2 12 Trivial PS 3.6 5.9 77.8 64.5 59.9 6.0 0.83 1.30 1.48 4.89
3 II Pseudo coarct 4.4 4.1 80.3 53.4 74.1 15.0 0.67 1.08 2.58 7.50
4 5 Sm ASD 5.3 4.2 62.2 41.9 55.7 8.0 0.67 l.!2 1.65 4.76
5 10 Sm VSD 3.7 5.7 69.3 52.3 56.5 7.0 0.75 1.23 2.44 6.36
6 7 Sm PDA 3.3 3.1 58.8 43.7 48.9 8.0 0.74 1.20 0.87 4.14
7 4 PDA,CHS 4.6 6.3 91.6 65.9 76.1 9.0 0.72 1.20 2.31 7.23
8 9 Normal murmur 4.4 3.5 76.9 55.7 72.0 12.0 0.72 1.07 2.17 6.84
Mean 8.8 4.2 4.8 73.9 54.6 62.4 9.1 0.74 l.!9 1.92 5.89
SD 3.11 0.64 1.20 10.45 8.73 10.17 2.95 0.06 0.09 057 1.26
SE 1.10 0.23 0.42 3.70 3.09 3.60 1.04 0.02 0.03 0.20 0.45
Volume Load
9 18 AR 3.6 4.9 91.0 58.0 58.4 7.0 0.64 1.57 139 4.70
10 15 MR 3.0 8.4 150.6 88.2 76.9 9.0 0.59 1.96 1.46 4.21
II 9 AR 5.0 91.9 67.3 81.2 9.0 0.73 l.!3 1.05 3.54
12 9 AR 3.6 12.4 169.1 98.8 105.5 12.0 0.58 1.60 4.36* 11.06*
13 8 PDA 8.6 135.8 100.3 70.7 12.0 0.73 1.96 178 5.36
14 II VSD,OHS 5.1 5.1 77.6 49.3 67.8 7.4 0.63 l.!4 2.41 6.80
15 9 MR 2.8 11.3 202.7 113.2 149.8 13.0 0.56 1.35 3.01 7.20
16 5 VSD, AI,OHS 4.2 9.3 117.4 82.0 96.8 8.0 0.70 1.21 2.92 9.65*
17 14 AR 2.9 8.0 1417 89.0 94.9 14.7 0.63 1.49 1.16 3.70
18 9 MR 5.2 14.7 189.0 128.1 154.2 14.0 0.68 1.23 0.94 4.03
19 12 AR 9.2 125.2 83.0 93.9 9.0 0.66 1.33 1.33 3.98
20 II AR 4.4 6.2 122.4 83.3 130.9 9.0 0.68 0.94 1.77 5.12
Mean 10.8 3.9 8.6 134.5 86.7 98.4 10.3 0.065 1.41 1.97 5.78
SD 3.51 0.91 3.09 38.85 22.16 31.56 2.65 0.056 0.32 1.02 2.45
SE 1.01 0.30 0.89 11.21 6.40 9.11 0.77 0.016 0.09 0.30 0.71
Pressure Load
21 8 Sub AS 22 6.5 10.0 97.9 76.8 77.5 16.0 0.78 1.26 3.85* 11.80*
22 8 Coarct 25 5.9 5.0 68.9 55.7 47.1 14.0 0.81 1.4t- 1.77 4.63
23 13 Coarct, CHS 0 4.8 4.1 83.5 55.3 95.6 14.0 0.66 0.97 1.97 5.25
24 12 Coarct 45 3.7 4.3 44.7 38.7 81.9 8.0 0.87 0.55 1.77 6.72
25 13 Coarct, CHS 16 3.9 4.6 51.8 43.5 74.6 16.0 0.84 0.69 173 6.66
26 21 Coarct, CHS 20 2;3 3.3 69.1 50.4 84.4 18.0 0.73 0.82 1.14 4.21
27 4 Coarct 38 5.1 5.8 63.8 44.8 73.7 10.0 0.70 0.87 2.02 5.56
28 7 AS 66 4.4 3.6 40.9 35.5 65.2 17.0 0.87 0.63 1.15 5.69
29 10 Coarct 42 5.9 100.2 71.9 75.9 5.0 0.72 1.32 1.17 4.29
30 5 AS,OHS 60 4.1 5.1 79.3 65.4 103.6 16.0 0.82 0.77 358* 14.56*
31 3 AS 40 3.8 5.4 74.3 59.7 81.0 8.0 0.80 0.92 2.23 6.71
32 16 AS 40 3.1 3.2 61.3 47.4 56.5 8.0 0.77 1.08 2.86 7.86
33 II Sub, AS, OHS, 40 4.0 4.9 70.1 52.1 75.3 13.0 0.74 0.93 3.87* 10.72*
34 8 AS 30 3.9 7.3 89.5 67.4 70.0 9.2 0.75 1.28 0.94 3.15
35 16 Coarct, CHS 25 2.9 5.6 88.4 61.3 124.5 16.0 0.69 0.71 3.29* 10.15*
36 II Coarct 35 3.7 3.7 65.4 51.0 68.2 12.0 0.78 0.96 1.62 5.53
37 9 Sub AS, OHS 20 4.0 7.0 87.7 69.8 717 14.0 0.80 1.22 3.41* 8.67*
38t 4 AS 70 4.6 3.1 40.3 29.8 43.5 10.0 0.74 0.93 8.51* 23.13*
39 12 AS 85 4.8 3.6 56.9 48.6 70.5 12.7 0.85 0.81 3.23* 9.07*
40 5 Supra AS 70 5.5 58.4 45.6 10l.! 16.0 0.78 0.58 1.91 8.65*
41 14 Coarct 35 4.8 4.4 57.1 43.5 70.0 7.6 0.76 0.82 176 6.97
42 3 Coarct 42 4.4 5.1 69.5 55.7 114.2 10.0 0.80 0.61 4.30* 14.67*
43 7 Coarct 30 3.6 4.2 96.6 75.7 76.7 15.5 0.78 1.26 2.88 8.06
44 II Supra AS 120 5.0 6.7 54.5 44.6 96.9 10.0 0.82 0.56 0.69 3.41
Mean 9.9 4.2 5.1 70.9 54.8 80.7 12.4 0.78 0.92 2.31 7.52
SD 4.54 0.96 1.55 17.01 11.85 18.05 3.68 0.056 0.274 1.06 3.20
SE 0.95 0.21 0.32 3.55 2.47 3.76 0.77 0.012 0.057 0.22 0.67
*Abnormal (exceeds normal mean by 2.07 SD); tdeleted in group means. AI = aortic insufficiency; AR = aortic regurgitation; AS = aortic stenosis;
ASD = atrial septal defect; b = chamber stiffness; CHS = closed heart surgery; CI = cardiac index (liters/min per rrr'); Coarct = coarctation of aorta;
EDP = end-diastolic pressure (mm Hg); EDVI = end-diastolic volume index (rnl/rrr'); EF = ejection fraction; Grad. = gradient; k = myocardial
stiffness; LV = left ventricular; MR = mitral regurgitation; OHS = open heart surgery; PDA = patent ductus arteriosus; PS = pulmonary stenosis;
SAS = subaortic stenosis; SD = standard deviation; SE = standard error; Sm = small; SVI = stroke volume index (rnl/rrr'); TD = thermodilution;
Vol = volume; VSD = ventricular septal defect.
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Hemodynamic studies. Only those patients in whom
high quality hemodynamic data were obtained were included
in the study. Complete details of the technique as described
previously (8) are summarized here. Standard right and left
heart catheterization was performed and the cardiac index
was measured. A Millar Mikrotip high fidelity catheter was
then passed retrogradely. With the high fidelity catheter
recording the left ventricular pressure and the venous cath-
eter in the pulmonary artery, a pulmonary artery angiogram
was performed and filmed in the anteroposterior projection
to include the levophase. The onset of the injection was
marked to give simultaneous pressure and volume data.
After catheterization a I cnr' grid was filmed and used to
obtain the magnification factor.
The measurements for left ventricular volumes were ob-
tained during the first two to four cycles after satisfactory
opacification of the left heart chambers. Extrasystolic and
postextrasystolic cycles were excluded. By means of the
marking device, four to eight pressure points in the mid-,
late and end-diastolic portion of one cycle were matched
with the corresponding angiographic frames and the outlines
traced.
The ventricular volumes were calculated using the an-
teroposterior plane formula of Dodge et al. (18) modified
by Graham et al. (19). The end-diastolic wall thickness was
measured, and wall mass was calculated using the method
of Rackley et al. (20). Because wall thickness was difficult
to identify during end-systole, mid-diastolic values for wall
thickness were calculated once the wall mass was known
(7,16). Values for cardiac index, ejection fraction and stroke
volume index as well as for pressure-volume and stress-
strain relations were calculated (see Appendix).
Statistical analysis. All calculations were performed us-
ing Statistical Analysis Systems (SAS) (21). The variables
in equations (3) and (8) in the Appendix were estimated
using SAS PROC NUN and differences among diagnostic
groups and operative status groups were compared using
two-way analysis of variance. Calculations were performed
using PROC GLM. Bonferroni intervals were used for de-
termining significant differences between groups and are
necessarily conservative. One-sided 95% prediction bounds
were used to determine the normal range for an index. This
means that a subject value for a particular index was con-
sidered abnormal if it exceeded
(1)
where x and s are, respectively, the mean and standard
deviation for the index in the control group, n is the number
of control subjects and tn - l, O.95 is the 95th percentile of a
t distribution with n - 1 degrees of freedom.
Results
The individual values, group means, standard deviations
and standard errors for cardiac index, end-diastolic volume
index, stroke volume index, left ventricular mass index,
end-diastolic pressure, ejection fraction, volume/mass ratio,
index of chamber stiffness, index of myocardial stiffness
and operative status are given in Table I. The postoperative
patients are classified according to whether they had open
or closed heart surgery.
Chamber and myocardial stiffness: pressure versus
volume load groups. The means, standard deviations and
standard errors for index of chamber stiffness and index of
myocardial stiffness by diagnostic group and operative sta-
tus are reported in Tables 2 and 3. Patient 38, who was
classified in the nonoperative and pressure load group, was
deleted from the summary measures in Tables 2 and 3 and
Table 2. Mean Values of Chamber Stiffness (b) for the Three Hemodynamic Groups Further
Characterized by Surgical Status
Volume Pressure
Control Load Load
No surgery
Mean 1.86 1.82 2.13
SD 0.59 1.07 1.04
SE 0.22 0.34 0.26
No. 7 10 16
Open heart surgery
Mean 2.66 3.62
SD 0.36 0.23
SE 0.25 0.13
No. 2 3
Closed heart surgery
Mean 2.31 2.03
SO 0.91
SE 0.45
No. I 4
Total 8 12 23
Abbreviations as in Table I.
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Table 3. Mean Values of Myocardial Stiffness (k) for the Three Hemodynamic Groups Further
Characterized by Surgical Status
Volume Pressure
Control Load Load
No surgery
Mean 5.70 5.29 7.05
SO 1.23 2.29 3.03
SE 0.46 0.73 0.76
No. 7 10 16
Open heart surgery
Mean 8.22 11.31
SO 2.01 2.99
SE 1.42 1.73
No. 2 3
Closed heart surgery
Mean 7.23 6.57
SO 2.59
SE 1.30
No. I 4
Total 8 12 23
Abbreviations as in Table I.
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in the following formal analysis because the extremely large
values for the two indexes were not representative of these
groups. On the basis of separate analysis of the two indexes
by group, it was found that there were no significant dif-
ferences among diagnostic groups for index of chamber
stiffness (p = 0.49) or index of myocardial stiffness (p =
0.12) . However, for the pressure load group the mean index
of chamber stiffness of 2.31 ± 0.22 (± SE) exceeded that
for volume load (l .97 ± 0.30) and control subjects
(1.92 ± 0.20). For the index of myocardial stiffness the
results are similar; for pressure load the mean index was
7.52 ± 0.67, for volume load it was 5.78 ± 0.71 and for
controls 5.89 ± 0.45.
Operative groups. The indexes were also compared
across operative status groups (Table 4). Both indexes dif-
fered significantly according to operative status; for index
of myocardial stiffness (k) p = 0.01 and for index of cham-
ber stiffness (b) p = 0.02. At an overall significance level
of 0.05, the patients with open heart surgery had signifi-
cantly higher mean values for myocardial and chamber stiff-
ness than did patients not operated on; values in the closed
heart surgery group did not differ significantly from those
in either the open heart surgery group or the nonsurgi-
cal group. The mean index of myocardial stiffness (k) was
10.08 ± 1.29 (± SE) for patients who had open heart
surgery, 6.70 ± 1.01 for those who had closed heart surgery
and 6.23 ± 0.45 for those who were not operated on. The
mean index of chamber stiffness (b) was 3.24 ± 0.26 for
patients who had open heart surgery, 2.09 ± 0.36 for those
who had closed heart surgery and 1.98 ± 0.17 for those
not operated on. Inclusion of Patient 38 in the analysis would
have altered the mean values for the nonsurgically treated
groups for both myocardial and chamber stiffness and elim-
inated significant differences. This will be discussed later.
Control greup. The normal range for the two iftdelles
was obtained from the seven control subjects who hai ItO&
had previous cardiac surgery; the upper normal vahle for
the index of chamber stiffness was 3.07 and for the index
of myocardial stiffness was 8.25 . This is shown in Figlft
I, and abnormal values for these indexes are indicated by
asterisks in Table 1. In the control group (n = 8), no s~ct
exceeded the upper limits for either indexes; in the vohMle
load group (n = 12), one patient had abnormal values ror
both indexes, whereas one had an abnormal myocardial
stiffness index only; in the pressure load group (n = 24),
eight had abnormal values for both indexes, and one a.att
an abnormal myocardial stiffness index only. On this basis,
the diagnostic groups were very different. Results based on
TaMe 4. Mean Values of Chamber Stiffness and Myocardial
Stiffness (b and k) Combining the Three Hemodynamic Groups
for Surgical Status
Myocardial Chamber
Stiffness (k) Stiffness(h)
No surgery
Mean 6.23 1.98
SO 2.59 0.95
SE 0.45 0.17
Na. 33 33
Open heart surgery
Mean 10.08 3.24
SO 2.89 0.58
SE 1.29 0.26
No. 5 5
Closedheart surgery
Mean 6.70 2.09
SO 2.26 0.80
SE 1.01 0.36
No. S S
Abbreviations as in Table I.
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Figure 1. A, Chamber stiffness (b) data for the three
hemodynamic groups. B, Myocardial stiffness (k) data
forthethreegroups. Thedotted areas represent normal
limits, Triangle = nonoperated; closedcircle = after
closed heart surgery; open circle = after open heart
surgery.
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the two indexes were highly consistent. The scatterplot in
Figure 2 shows that for almost all patients either index can
be used to determine the other. The correlation between the
two indexes was 0.92.
Discussion
Results of this study. The original report from this lab-
oratory (8) describing the technique of measurement of di-
astolic function in pediatric patients had insufficient data to
obtain a normal range and the present larger study has achieved
this goal. It would have been desirable to have studied more
normal children, but catheterization of relatively normal
children is becoming rare with the current state of sophis-
tication in noninvasive techniques, and therefore large num-
bers of normal children are unlikely to be forthcoming. Our
original study suggested decreased chamber stiffness with
volume loading, but with volume correction of the formulas
for chamber stiffness this no longer holds true. In the present
study, the stress-strain formula is also different, using a
more recent approach of Mirsky and Rankin (17) which
derives the instantaneous incremental elastic modulus from
the difference in circumferential and radial stresses . This
takes into account transmural stresses in addition to changes
in intracavitary stresses.
On the basis of the analysis of variance, there was no
observed statistical difference between the mean chamber
stiffness and myocardial index levels in any of the three
hemodynamic groups. This may be due to the variable se-
verity of loading in the volume and pressure load groups.
The mean chamber and myocardial stiffness in the pressure
load groups were increased but not significantly. However,
it was noted that there were considerably more abnormal
patients in the pressure load group than in other groups .
Left ventricular work increases with peak systolic pressure
and these patients may have been more at risk from inad-
equate myocardial perfusion . Although there was no cor-
relation between the site of the obstruction or gradient in
376 SANDORET AL.
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Figure 2. Scatterplot of the relation of chamber stiffness (b)
and myocardial stiffness (k). Symbols as in Figure I. b
0.3172k + 0.0057; R = 0.92; SEE = 0.393; P = 0.001.
the whole pressure load group, there was a correlation of
left ventricular outflow gradient with myocardial stiffness
postoperatively (r = 0.88, P = 0.01). This suggests that
there is an added effect of postoperative myocardial prob-
lems and incompletely relieved left ventricular outflow tract
obstruction on further myocardial degeneration.
Neither the type of cardiac lesion nor the severity of
volume loading affected chamber or myocardial stiffness in
the volume load group, suggesting good myocardial pres-
ervation with this type of hemodynamic loading in contrast
to the pressure load group. This is consistent with findings
in animal models and adult patients with volume loading
(22,23).
Role of cardiac surgery. The finding that the open heart
postoperative group had an increase in mean myocardial
stiffness index may be due to selection of the patients by
severity of hemodynamic load but most likely represents
the myocardial effects of open heart surgery. Whether this
is preventable with improved methods of myocardial pres-
ervation during surgery remains to be seen. Our finding that
open heart surgery affects myocardial stiffness especially
for pressure load lesions is consistent with the results of
Hess et al. (24), who correlated myocardial stiffness indexes
with fibrotic changes in adults after valvotomy for aortic
stenosis. They demonstrated a relative increase in myo-
cardial fibrosis by left ventricular biopsy taken at postop-
erative catheterization at which time myocardial stiffness
was determined hemodynamically. This finding was less
consistent in their patients with volume load who, unlike
our patients, all had aortic incompetence. A myocardial
biopsy was not considered justified in our study but may
have helped clarify these issues.
The exclusion of Patient 38 was considered statistically
justifiable because the results in this patient were markedly
b
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abnormal. Although there were no clinical signs of dys-
function, the left ventricular end-diastolic volume and wall
mass were the lowest in the whole group. This patient may
have represented an extreme example of inadequate nor-
malization of stresses. Recatheterization after surgery may
add more information about postoperative myocardial status
in children and this individual patient may therefore be more
interesting than the group.
Limitations and theoretical considerations. As noted
already, the severity of hemodynamic loading was variable
in the groups and this may have affected the interpretation
of the results. Another possible explanation for the failure
to show group mean differences is that these indexes are
insensitive and left ventricular function studies are still con-
troversial and have been the subject of recent reviews (25-29).
There are conceptual differences in the role of these indexes
of ventricular function. One view is that, used appropriately,
the current mathematical models give useful clinical infor-
mation (30), whereas the opposite view is that theoretical
work will produce mechanically sound explanations for ob-
served phenomena and predicting behavior (31). A number
of assumptions are made in the calculation of stress and
strain: I) midwall stress and average stress at the equator
are representative; 2) the myocardium behaves as homog-
enous elastic material; and 3) the myocardium is not com-
pressible. There are a number of different formulas for the
stress and strain 'model and it is not clear which, if any, is
more discriminant. The analysis in our study was also per-
formed with the simple exponential formulas (8) and a good
correlation with these data occurred. This will be examined
further in a subsequent study. The good correlation of op-
erant chamber stiffness and myocardial stiffness in this study
also questions the added calculations needed to derive the
index of myocardial stiffness (k) despite the concern re-
garding acute hemodynamic interventions that supposedly
invalidated the use of the index of chamber stiffness (b).
One further assumption that has been made is that the
measured increases in myocardial stiffness were solely due
to myocardial fibrosis, but the finding by Peterson et al.
(16) of one patient in whom myocardial stiffness appeared
to improve with an aortic valvotomy suggested that inad-
equate hypertrophy and normalization of stress may also be
factors. The study by Hess et al. (24) correlated histolog-
ically measured myocardial fibrosis with myocardial stiff-
ness.
Clinical relevance. If diastolic abnormalities may pre-
cede systolic dysfunction (29), it follows that this type of
investigation has important implications for the pediatric
patient with cardiac disease. Corrective surgery for con-
genital malformations is being performed earlier than pre-
viously. Left ventricular dysfunction after surgical correc-
tion has been described as a residuum, sequela and
complication of surgery (32); a list of possible causes for
such dysfunction include 1) hypertrophy and fibrosis due to
JACC Vol. 8, No.2
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so that the variable b can be thought of as an "index of
chamber stiffness"; also dVIV == (I/b) dP/P, so that quan-
tity lib measures the percentage change in volume per unit
percentage change in pressure and is an "index of compli-
ance."
Stress-strain relation. The development follows Mirsky
and Rankin (17). Again an ellipsoidal model is assumed
and the difference between the circumferential and radial
stress components is given by
a == P(B/h)(1 - BZ/2Az - 3hZ/8Bz), (5)
where a denotes the stress difference in millimeters of mer-
cury, A and B are the midwall semimajor and semiminor
axes in centimeters and h is the wall thickness in centi-
meters. The quantity B is derived from the area measured
by planimetry, where S is the area measured by planimetry,
D == internal diameter, L == internal long axis and D ==
4SI1TL. Thus, the derived internal semiminor axis == D/2
and internal semimajor axis == Ll2, and if the derived mid-
wall semiminor axis is B, then B - h12 == D/2 and for A
the midwall semimajor axis A - h/2 == Ll2. Thus, sub-
stituting, B - h/2 == 2S/7T(A - h/2).
The instantaneous incremental elastic (EincJ modulus is
given by:
hemodynamic overload, 2) inadequate myocardial oxygen-
ation, 3) residual shunts, obstructions and valvular insuf-
ficiency, 4) inadequate or interrupted intraoperative myo-
cardial protection, and 5) ventricular scars. Only after complete
clinical and hemodynamic investigation will the results of
surgery be fully assessed and valid comparisons among dif-
ferent surgical methods and age at surgery made for indi-
vidual lesions (33,34). Subtle degrees of myocardial dys-
function may not be detected without complex hemodynamic
investigations. The measurement of diastolic indexes is one
aspect of this assessment, as is the technique of increasing
afterload to unmask systolic dysfunction that is not other-
wise obvious (35). A combined study of systole and dill-stole
would clearly be preferable, but prolongation of these car-
diac catherization studies becomes a logistic and perhaps an
ethical problem.
Conclusions. This study reports the normal range for
operant chamber and myocardial stiffness in pediatric pa-
tients. Normal chamber and myocardial stiffness are often
preserved in patients with volume loading, less frequently
in those with pressure loading and rarely after open heart
surgery. Further work is required to answer additional ques-
tions, for example, 1) whether early surgery preserves myo-
cardial function, 2) whether myocardial protection may be
improved, and 3) whether diastolic indexes are useful in
determining timing for surgery in certain malformations.
VdP/dV. From equation 2 it follows that:
YdP/dY == bayb == bP, (4)
Mathematical Considerations
Appendix
(8)
(7)
log a == log c + flog B + E',
loge as before.where E'
where c and f are curve fitting variables and E is random
error. From equation (7) it follows that BduldB == frr, so
that Einc == Kfrr == ktr. The constant k (k == Kf) is the
index of myocardial stiffness. To determine k, K is esti-
mated as described earlier and the variables of equation (7)
are estimated by ordinary least squares linear regression
applied to the transformed equation:
Einc == Kdald(log B) == KBdaldB, (6)
where K == (312)/(2 + BZ/AZ) and d(log B) represents an
infinitesimal increment in natural strain. Empirical resuits
of Mirsky and Rankin (17) suggest that K is nearly constant
in end-diastole. Here we assume it is constant and its value
is estimated to be its average throughout end-diastole. The
relation between strain and midwall semiminor axis is as-
sumed to be given by
(3)
(2)
log P == log a + b log Y + E',
where P is the diastolic pressure in millimeters of mercury,
V is the indexed ventricular volume in milliliters, which is
derived from the angiographic data assuming an ellipsoidal
geometry using the method of Graham et al. (19), a and b
are curve fitting variables and E is a random error that is
fundamental to statistical modelling.
For estimation purposes, equation 2 is transformed to:
We thank Michael Schulzer, PhD for help with the statistics, Ruby Popov
for data collection and Karen Buetow for typing the manuscript.
Pressure-volume relation. Our development follows a
method suggested by Mirsky (36). The pressure-volume
relation is assumed to be of the form
where E' == loge and is a random error that is assumed to
satisfy the usual assumptions (37) so that b and log a can
be estimated using ordinary least squares regression.
To account for differences in ventricular size between
subjects, instantaneous chamber stiffness is defined as
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